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The recent discovery of gravitational waves (GW) by LIGO has impressively launched the novel
field of gravitational astronomy and it allowed us to glimpse at exciting objects we could so far
only speculate about. Further sensitivity improvements at the low frequency end of the detection
band of future GW observatories rely on quantum non-demolition (QND) methods to suppress
fundamental quantum fluctuations of the light fields used to readout the GW signal. Here we
invent a novel concept of how to turn a conventional Michelson interferometer into a QND speed
meter interferometer with coherently suppressed quantum back-action noise by using two orthogonal
polarisations of light and an optical circulator to couple them. We carry out a detailed analysis of
how imperfections and optical loss influence the achievable sensitivity and find that the configuration
proposed here would significantly enhance the low frequency sensitivity and increase the observable
event rate of binary black hole coalescences in the range of 102− 103M by a factor of up to ∼ 300.
I. MAIN.
The recently reported breakthrough espial of gravita-
tional waves emitted by coalescing binary black holes
marked the starting point of the new field of gravitational
wave astronomy [1]. The observations of Advanced LIGO
gave evidence to a new population of black holes not con-
sistent with our previous knowledge based on X-ray ob-
servations [2]. Increasing the low frequency sensitivity of
current and future gravitational wave observatories will
not only allow us to improve the signal-to-noise ratio with
which we can observe them, but also allow us to extend
the observation capability to even heavier binary black
hole systems. This would allow us to shed light onto
many important questions, such as: What is the pre-
cise astrophysical production route of binary black hole
systems of tens of solar masses? What is the nature of
spin-orbit and spin-spin couplings in coalescing binary
black holes? Are the no-hair theorem and the second law
of black hole mechanics valid?
In order to enhance the low frequency sensitivity of
future gravitational wave detectors, a variety of noise
sources has to be battled and improved, of which the
most fundamental one is the so-called quantum noise, a
inherent consequence of the quantum mechanics of the
measurement process.
Quantum fluctuations of the electromagnetic field were
identified as the main fundamental limitation to the sen-
sitivity of electromagnetic weak force sensors in the late
60s by Braginsky [3]. He showed that continuous moni-
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toring of the test object position to infer an external weak
force (e.g., GW) always leads to a quantum back-action
of the meter on the probe object’s position, thereby set-
ting the standard quantum limit (SQL) on the achiev-
able precision of such a measurement. In interferometric
sensors, like GW interferometers, light is used to mon-
itor the distances between the mirrors. Here back ac-
tion noise originates from the quantum fluctuations of
the light’s intensity, leading to random radiation pres-
sure forces acting on the mirrors. The corresponding ad-
ditional displacement noise is most pronounced at low
frequencies due to the mirrors’ dynamical response and
stems from the fundamental quantum fluctuations of the
light’s phase, setting the imprecision of the position mon-
itoring ∆ximp ∝ 1/
√
Nph (here Nph is the number of
photons used for measurement) and the back action noise
(∆xBA ∝
√
Nph). Evidently, the na¨ıve trade-off in Nph
yields the SQL that is the point where ∆ximp = ∆xBA.
The SQL stems from non-commutativity of the
displacement as an operator at different times, i.e.
[xˆ(t), xˆ(t′)] 6= 0, which means that displacement mea-
surement at a time t will influence the result of the one
at a later time t′. The observables that commute at dif-
ferent times and thus can be monitored continuously with
arbitrary precision are known as quantum non-demolition
(QND) observables. The obvious choice for such observ-
ables are the conserved quantities of the test object, like
energy, quadratures for the oscillator, or momentum for
a free mass.
Velocity measurement as a QND procedure proposed
in [4], is based on the premise that at time-scales faster
than the suspension pendulum period the mirror behaves
as a free mass and its momentum is conserved and pro-
portional to the velocity, pˆ = mvˆ. The more careful
analysis has shown that the dynamics of the test ob-
ar
X
iv
:1
70
2.
01
02
9v
2 
 [g
r-q
c] 
 22
 M
ar 
20
17
2FIG. 1: Conceptual scheme of optical speed measurement
with two consecutive reflections of the light pulses from the
front and the rear surfaces of the mirror.
ject cannot be considered separately from that of the
meter, which is the laser light in the case of GW in-
terferometers. For a combined system ‘mirrors+light’,
the generalised momentum is rather a sum of two terms,
Pˆ = mvˆ − gSM(t)aˆc than a simple proportionality to ve-
locity (see, e.g. Sec. 4.5.2 in [5]), where gSM(t) is the
strength of coupling between the light and the mirrors’
mechanical motion, and aˆc = (aˆ + aˆ
†)/
√
2 is the ampli-
tude quadrature of light (defined in terms of photon an-
nihilation (creation) operator aˆ (aˆ†)). Though sensing of
the mirrors’ velocity via outgoing light phase quadrature
measurement is not a QND measurement, it nevertheless
provides a substantial reduction of random back-action
force [5].
The simplest conceptual realisation of an optical speed
meter is shown in Fig. 1 [6]. Here a laser sends short
light pulses to the suspended mirror. The pulses, are
reflected off the mirror twice with the time delay τ be-
tween the reflections. After each reflection the mir-
ror’s displacement is written in the phase of the pulse,
hence after two reflections the pulse’s phase is shifted by
φpulse ∝ xˆ(t)−xˆ(t+τ) ∼ τ v¯, where v¯ is the mean velocity.
Note that since the momentums transferred to the mir-
ror by photons in the two reflections have opposite signs,
and since there is no decoherence between the reflections,
they compensate each other. Therefore quantum back-
action noise is suppressed by ∼ τ/Tsignal ∝ Ωsignalτ ,
where Tsignal = 2pi/Ωsignal is the specific timescale of
the signal force, e.g., the period of GWs.
This example grasps the two key features, which the
measurement scheme should possess to realise a speed
measurement - (i) the probe (light) has to interact with
the test object (mirror) twice, keeping coherence between
the interactions (for coherent suppression of back-action
noise), and (ii) the two terms in the interaction Hamil-
tonian that relate to the two consecutive measurements
should have opposite signs.
The first implementation for detection of gravitational
waves was proposed in et al. in [7] (see Fig. 2a) the tra-
ditional Fabry-Pe´rot–Michelson was extended by an aux-
iliary “sloshing” optical cavity in the output port. This
made the GW signal to ”slosh” back and forth between
the two coupled effective cavities with alternating phase.
Hence, after the second pass through the interferometer,
the outgoing light bears exactly the required combina-
tion of position signals, ∝ xˆ(t)− xˆ(t+ τ) ∼ τ v¯, yielding
the speed measurement. This scheme was nick-named
a ”sloshing speed meter”. It has the distinctive feature
that carrier and signal lights do not share the same op-
tical path throughout the interaction, for the sloshing
cavity is kept not pumped by a laser. This makes it very
difficult to lock and control, and may also lead to signal
loss from distortion in optical elements. A practical ver-
sion of sloshing speed meter scheme was analysed in the
great detail in [8, 9].
Another solution was proposed by Chen in [10], demon-
strating that a Sagnac interferometer with zero area per-
forms a speed measurement. Here the double measure-
ment of the mirror position is performed naturally by two
counter propagating light beams, which after the recom-
bination on the beam splitter, produce the signal beam
with phase dependent on the mean relative velocity of
the end mirrors (see Fig. 2b and [6] for analysis).
Quantum back-action noise suppression in both
schemes owes to the fact that the radiation pressure force
component which drives differential displacement of the
arm mirrors, xdARM = xn − xe, stems from the beat
note of the carrier classical amplitude A ∝ √Pc (Pc is
laser power circulating in the arms) with vacuum fields,
iˆ, entering the readout port of the interferometer rather
than with the laser fluctuations – Fˆ b.a.(t) ∝ A iˆc(t) ,
with iˆc the amplitude quadrature of iˆ. In sloshing speed
meters, the subtraction of two back-action kicks is pro-
vided by the pi-phase shift that the dark port field ac-
quires after the reflection off the sloshing cavity, hence
Fˆ b.a. ∝ A iˆc(t) + eipiA iˆc(t+ τsl) = A (ˆic(t)− iˆc(t+ τsl)),
and τsl is the characteristic time of optical energy slosh-
ing between the coupled cavities of the sloshing speed
meter interferometer.
In a Sagnac interferometer, the required ”minus” sign
is provided by the pi-phase difference between the re-
flected and the transmitted beam at the beam splitter.
The suppression of quantum back-action here originates
from the opposite sign of the radiation pressure forces
from the clockwise and the counter clockwise propagating
light beams, i.e. F b.a.CW + Fˆ
b.a.
CCW ∝ A iˆc(t)−A iˆc(t+ τprop)
with τprop the light propagation time between the arms.
The complexity of experimental implementation of
these schemes led to the idea of using two orthogonal
polarisations of light to separate the two beams sensing
the mirrors in a Sagnac-type speed meter [11, 12]. This
approach allows to keep the km-scale arm cavities of the
original Michelson unchanged, but it requires km-scale
arm cavities of the original Michelson, but requires sub-
stantial modification to the input and output optics and
the implementation of additional polarising elements of
large physical dimensions, not used inside the core inter-
ferometers so far.
An alternative scheme, proposed in [13], makes use of
the differential optical mode of the Michelson interfer-
ometer with the polarisation orthogonal to that of the
3FIG. 2: Two variants of implementation of speed meter interferometers, (a) the sloshing speed meter, and (b) the Sagnac
speed meter. Inset in the grey rectangle in (a) represents the block diagram of the sloshing speed meter principle of operation.
Here ETM stands for input test mass, BS is a beam splitter, and T0 = 1 − R0 is the (power) transmissivity of the output
coupling mirror.
pumping laser as an effective sloshing cavity. The po-
larisation separation of the signal light fields from the
”sloshing” ones is achieved by means of two quarter wave
plates (QWP), 2 mirrors and a polarisation beam splitter
(PBS).
a. Polarisation circulation interferometer as speed
meter: In this letter, we we propose a new, even simpler
and hence more attractive scheme, where scheme where
the two orthogonal polarisation modes of the Michelson
interferometer serve as two counter propagating beams
of a Sagnac-type interferometer. The scheme is shown in
Fig. 3. The main interferometer is pumped by the strong
p-polarised laser field pp that can be represented as a lin-
ear combination of two circularly polarised fields (marked
by (l)r for (counter)clockwise-polarised fields with polar-
isation basis vectors, ~ej (j = {p, r , l}):
pp~ep = pr~er + pl~el , |pr| = |pl| = |pp|/
√
2 , (1)
Coherent coupling between the two polarisations is
performed by the polarisation circulator comprising of
quarter-wave plate, PBS and the closing highly reflec-
tive mirror. PBS and QWP define the new circular po-
larisation basis for the light modes of the interferome-
ter. The PBS lets through the p-polarised vacuum field,
iˆp, that is transformed by the QWP into the l-polarised
field iˆl . It enters the Michelson interferometer from
the dark port and interacts optomechanically with the
pl component of the pumping laser field p and the dif-
ferential mechanical degree of freedom of the interfer-
ometer mirrors, xdARM(t) = xn(t) − xe(t). The outgo-
ing l-polarised field oˆl, carrying information about the
xdARM-displacement, is transformed into the s-polarised
field oˆs, which is reflected by the PBS towards the po-
larisation circulation mirror (PCM). The latter reflects
oˆs back towards the PBS where it arrives with an ac-
quired phase shift 2φ0 = pi and enters the main interfer-
ometer as iˆr after being transformed by the QWP. De-
layed by the arm cavities ring-down time τ , it senses the
xdARM(t + τ) = xn(t + τ) − xe(t + τ), and couples with
the pr component of the pumping laser field p.
The r-polarised output field oˆr leaves the readout port
of the interferometer, transformed by the QWP into
the p-polarised one, oˆp and transmitted by the PBS to-
wards the balanced homodyne detector (BHD). The read-
out photocurrent is then proportional to the differential
speed of the arms lengths change:
IBHD ∝ xdARM(t+ τ)− xdARM(t) ' τ v¯dARM(t) . (2)
b. Quantum noise limited sensitivity. In order to
give a more quantitative account of the quantum noise
behaviour of the proposed scheme, we use the two-photon
formalism of quantum optics [14] (see Methods for de-
tails). Here variations of two conjugate quadratures of
the light field from the mean value are given by a 2D vec-
tor iˆ ≡ {ˆic, iˆs}T of the amplitude and the phase quadra-
ture operators, respectively. Analysis of quantum noise
of any interferometer starts from deriving the relations
between the input and output light quadrature ampli-
tudes, or I/O-relations for sideband fields at an off-set
frequency Ω = ω − ωp. For the lossless interferometer
tuned in resonance, so as the GW signal shows up in the
phase quadrature only, the general shape of I/O-relations
4FIG. 3: Possible realisation of the polarisation circulation in-
terferometer, using quarter-wave plate for polarisation sepa-
ration. Here (E)ITM stands for (end) input test mass, PCM
is a polarisation circulation mirror, QWP means quarter-wave
plate, PBS stands for polarisation beam splitter and PD is a
photodetector.
is very simple [15]:
oˆp,c(Ω) = e
2iβ iˆp,c(Ω) , (3)
oˆp,s(Ω) = e
2iβ
[ˆ
ip,s(Ω)−Kiˆp,c(Ω)
]
+ eiβ
√
2K h(Ω)
hSQL
, (4)
where K(Ω) is an optomechanical coupling factor describ-
ing the interaction of the mechanical degrees of freedom
of the interferometer with light, β(Ω) is the frequency-
dependent phase shift acquired by sideband fields as they
pass through the interferometer, and hSQL =
√
8~
ML2Ω2
stands for the GW strain standard quantum limit for the
effective mechanical mode of the interferometer with re-
duced mass M and arm length L. The second term in
the brackets in (4) originates from the radiation pressure
force driven by amplitude fluctuations. The last term in
(4) describes the response of the interferometer to the
GW signal with strain h(Ω) = 2xdARM(Ω)/L.
Using the matrix representation, outlined in the Meth-
ods, one can derive the quantum noise power spectral
density (PSD) from the above I/O-relations that reads:
Sh(Ω) =
h2SQL
2
{1 + [K(Ω)− cotφLO]2
K(Ω)
}
, (5)
where we assumed the homodyne readout of arbitrary
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FIG. 4: Quantum noise limited sensitivity (QNLS) of the
polarisation circulation (PC) speed meter (red traces) as com-
pared to the QNLS of the equivalent Michelson interferome-
ter (grey dashed trace). Red dashed curve shows the poten-
tial of speed meter to beat the free mass SQL (black trace)
in a wide band if optimal readout quadrature is measured:
cotφLO = KPCSM(0). In all other cases we assume phase
readout, i.e. φLO = pi/2. Hereafter we assume mirrors mass
M = 200 kg, power, circulating in each arm Pc = 3 MW, laser
wavelength λ0 = 2 µm and effective interferometer bandwidth
γ/2pi = 115 Hz. .
quadrature defined by the local oscillator phase φLO.
It is straightforward to derive the formulae for K and
β for any tuned configuration of interferometer. For a
Michelson interferometer with total circulating power in
each arm Pc, laser frequency ωp = 2pic/λp and effec-
tive half-bandwidth γ it reads KMI = 2ΘγΩ2(γ2+Ω2) with
Θ ≡ 8ωpPcMcL , and frequency-dependent sidebands phase
shift βMI = arctan
Ω
γ . As shown in the Methods, the
same expressions for the polarisation circulation interfer-
ometer in the speed meter regime reads:
KPCSM = 2KMI sin2 βMI = 4Θγ
(γ2 + Ω2)2
. (6)
The behaviour of K as function of frequency reflects
the strength of interaction of light at this particular side-
band frequency Ω with the mirrors of the interferome-
ter. This includes both, the strength of back-action and
the level of response one can expect from the particular
scheme at a given signal frequency, as reflected by two
terms in (4) that contain K. The inset to Fig. 4 shows
clearly the differences between the Michelson and the
PC speed meter in this regard. The sharp rise (∝ Ω−2)
of KMI (grey trace) at low frequencies within the inter-
ferometer bandwidth, Ω < γ, is responsible for worse
quantum noise performance of the Michelson interferom-
eter compared to the PC speed meter, characterised by
the flat behaviour of KPCSM in that frequency region.
This trend is responsible for the much improved speed
5meter quantum noise at low frequencies. Moreover, as
KPCSM(Ω → 0) = const, one can improve low frequency
sensitivity of the speed meter even more by choosing to
measure the optimal quadrature by tuning the homodyne
angle to φLO = arccotKPCSM(Ω → 0) as shown by the
red dashed trace in Fig. 4.
In a simple special case of φLO = pi/2 the QNLS PSD
is Sh(Ω) = h2SQL
{
K + K−1
}
/2, and one can clearly see
that K(Ωq) = 1 is the condition of reaching the SQL. It
defines the frequency Ωq, where QNLS curve touches the
SQL, and therefore back-action and shot noise have equal
contributions to the QNLS. For the Michelson interfer-
ometer, there is always a real solution to this condition,
whereas for speed meter there is a threshold value of the
ratio Θ/γ3 ≥ 1/4 that sets the limit on the required cir-
culating power for given interferometer bandwidth and
vice versa. For given half-bandwidth γ, the circulating
power, required for the PC speed meter to reach the SQL
is Pc ≥McLγ3/(16ωp).
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FIG. 5: Influence of different sources of loss and imperfection
on quantum noise-limited sensitivity of the polarisation circu-
lation speed meter as compared to the equivalent Michelson
interferometer.
c. Losses and imperfections analysis. To estimate
the astrophysical potential of proposed scheme fairly, we
need to assess the influence of the main sources of loss
and imperfections of the real interferometer. In Fig 5, we
show the relative contributions (normalised by the QNLS
of the equivalent lossless Michelson interferometer) losses
and imperfections make to the realistic QNLS.
The leading source of loss for the proposed scheme is
photon absorption and loss in the polarisation compo-
nents, i.e. absorption in the QWP (assumed single pass
photon loss of QWP = 1%) and loss due to imperfect
polarisation separation in the PBS (assumed extinction
ratio for transmitted s-polarised and reflected p-polarised
light of ηs = ηp = 1%). One sees that both mechanisms
contribute equally to the QNLS, which is no surprise as
the input fields, iˆp, pass both elements the same number
of times (4) before being read out at the output as oˆp.
We also consider loss in the arm cavities, arm = 30 ppm
as a realistic projection for the next generation GW in-
terferometers. The arm loss influence at low frequencies,
as shown by Kimble et al.[15], amounts to additional in-
coherent back action noise created by loss-associated vac-
uum fields.
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FIG. 6: Improvement in the anticipated rate of detection of
binary black holes (BBH) coalescenses (event rate) based on
the amplitude spectral density of the quantum noise of the
proposed scheme as compared to the amplitude spectral den-
sity of the quantum noise of the equivalent Michelson inter-
ferometer.
Finally, we analyse how robust the scheme is to the
small deviations, ∆LPC  λp, of the optical path length
between the QWP and the PCM, defining φ0. Depar-
ture of φ0 from the pi/2 value results in a partial leak-
age of the back-action term ∝ KMIiˆp,c from the sine
quadrature into the cosine one, thereby creating an ad-
ditional back-action term in the quantum noise PSD
∝ 2KMI∆LPC/λp ∝ 1/Ω4 that leads, in conjunction with
speed meter-like response (∝ Ω), to a steep rise of noise at
low frequencies,
√
Sh ∝ 1/Ω3. This explains the down-
ward bending of the corresponding yellow dash-dotted
curve in Fig 5 (see Eq. (19) in Methods).
d. Astrophysics results and prospects: A quantita-
tive comparison of the QNLS of our proposed speed meter
scheme and QNLS of an equivalent Michelson interferom-
eter is shown in Fig 6. (We assume for our analysis that
due to the application of enhanced techniques all other
noise sources, such as Newtonian noise [16], seismic noise
[17] and suspension thermal noise [18], are pushed below
the level of the QNLS). For this we consider the real-
istic speed meter including the optical losses shown in
Fig 5 and calculate the corresponding inspiral range (in-
tegrated for frequencies between 1Hz and the last stable
orbit), i.e. the distance up to which we can observe the
BH coalescence before its signal to noise ratio decreases
below 8. Then we compare the speed meter inspiral range
to the insprial range of an equivalent Michelson inter-
ferometer and derive the plotted improvement factor in
terms of event rate, assuming a homogeneous sources dis-
tribution throughout the Universe. We find for instance
that for initial black hole masses similar to GW150914
[1] the speed meter would provide and improvement in
6the event rate of about 27. The largest improvement fac-
tors, however, are given for initial black holes in the range
from 100− 1000M solar masses with obtained improve-
ment factors larger than 100, which will open up access
to investigating the potential existence of any intermedi-
ate mass BH population in this, so far unobserved, mass
range.
e. Summary. In this article we suggested a new con-
figuration for realising a quantum speed meter in laser-
interferometric GW observatories. The key advantage
of our configuration compared to other speed meter im-
plementations, is that no additional optical components
need to be implemented inside the main. The few ad-
ditional components required to convert a standard ad-
vanced GW detector into our polarisation circulation
speed meter can be placed in the output port of the inter-
ferometer (i.e. behind the signal extraction cavity). Our
analysis showed that compared with a standard Fabry
Perot Michelson interferometer our speed meter configu-
ration provides significantly improved sensitivity at low
frequencies. Further, a detailed investigation was carried
out to identify the influence of imperfections on the sen-
sitivity. We found that the most critical factor is the
optical loss of the quarter wave plate and the PBS. Us-
ing realistic values for imperfections and loss we found
that the speed meter QNLS sensitivity would yield an
improvement factor of larger than 100 in event rate for
binary black hole mergers in the range from 102−103M.
Future analyses will focus on investigating further sensi-
tivity improvements from adding additional complemen-
tary quantum noise reduction techniques, such as the in-
jection of squeezed light states.
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II. METHODS
a. Two-photon formalism: We calculate quantum
noise of the proposed scheme using the so called
two-photon formalism [14]. This formalism is best
suited for steady state analysis of quantum fluctu-
ations in the optomechanical devices. In this for-
malism, the electric field strain of the plane electro-
magnetic wave of the laser beam with frequency ωp,
cross-section area A and power Pin can be written as:
Eˆ(t) = E0 [(A+ aˆc(t)) cosωpt+ aˆs(t) sinωpt], where E0 =√
4pi~ωp/(Ac) is the second quantisation normalising
constant, A =
√
2Pin/(~ωp) is the carrier dimensionless
amplitude, and aˆc,s(t) stand for cosine (”c”) and sine
(”s”) quadrature amplitudes of the quantum fluctuations
with zero mean.
b. Input-output relations of the interferometer: In
steady state, it is more convenient to describe quantum
fluctuations in frequency domain by introducing a signal
sideband frequency Ω→ ω−ωp centred around the laser
frequency ωp: aˆc,s(t) =
∫∞
−∞ aˆc,s(Ω)e
−iΩt dΩ
2pi . In this pic-
ture, any optomechanical interferometer can be charac-
terised by a linear input-output (I/O) relations written
as a linear vector transformation of the form:
b = Ta + t
h
hSQL
, where T =
[
Tcc Tcs
Tsc Tss
]
, t =
[
tc
ts
]
, (7)
where a = [aˆc(Ω), aˆs(Ω)]
T and b = [bˆc(Ω), bˆs(Ω)]
T are
the 2-dimensional vectors of the input and the output
light quadratures, respectively, T(Ω) is a 2× 2-matrix of
the corresponding optical transfer matrices for the light
fields, and t(Ω) is a 2-dimensional vector of optomechan-
ical response functions that characterises how GW with
strain amplitude spectrum h(Ω) shows itself in the out-
put quadratures of the light leaving the interferometer.
Readout photocurrent of the balanced homodyne de-
tector is proportional to the quadrature of the outgo-
ing light defined by the local oscillator phase angle φLO.
Thus we can define the readout quadrature proportional
to IˆBHD(φLO) as :
oˆφLO ≡ bˆc cosφLO + bˆs sinφLO ≡ HTφLO · b , (8)
with HφLO ≡ {cosφLO, sinφLO}T and the spectral den-
sity of quantum noise at the output port of the interfer-
ometer can be obtained using the following simple rule:
Sh(Ω) = h2SQL
HTφLO · T · Sina · T† ·HφLO
|HTφLO · th|2
(9)
where Sina stands for spectral density matrix of injected
light and components thereof can be defined as:
2piδ(Ω− Ω′)Sina,ij(Ω) ≡
1
2
〈in|aˆi(Ω)(aˆj(Ω′))† + (aˆj(Ω′))†aˆi(Ω)|in〉 , (10)
7where |in〉 is the quantum state of vacuum injected in
the dark port of the interferometer and (i, j) = {c, s}
(see Sec. 3.3 in [5] for more details). In present article
we deal with single-sided spectral densities S and hence
in case of input vacuum state:
|in〉 = |vac〉 ⇒ Sina = I .
c. I/O-relations of the polarisation circulation speed
meter: The I/O-relations for our scheme can be ob-
tained, using the Michelson interferometer I/O-relations
twice, for each of the ±45◦-polarisation modes. One just
needs to keep in mind that both polarisations contribute
to the common back-action force. The corresponding
transfer matrix, TMI and response vector, tMI, read:
TMI = e2iβMI
[
0 1
−KMI 1
]
, tMI = e
iβMI
√
2KMI
[
0
1
]
. (11)
In the proposed scheme, both polarisation modes, pl
and pr, have half of the total circulating power provided
by the pump laser. Therefore, each mode has only half of
the full Michelson power and thus Kr,l → KMI/2. Having
this in mind, one can write down the I/O-relations for the
two polarisation modes and for the link between them,
provided by the PMC unit as:
oˆl = TlMIiˆl + Tb.a.MI iˆr + tl hhSQL ,
oˆr = Tb.a.MI iˆl + TrMIiˆr + tr hhSQL ,
iˆr = P2φ0oˆl .
(12)
where Pφ0 =
[
cosφ0 − sinφ0
sinφ0 cosφ0
]
is the 2D rotation ma-
trix by angle φ0 that describes the phase shift carrier
light acquires as it propagates from the QWP towards the
PCM, and Tb.a.MI = e2iβ
[
0 0
−K/2 0
]
is the back-action-only
transfer matrix of the arm that accounts for the back-
action effect on the corresponding polarisation mode cre-
ated by the orthogonal mode radiation pressure.
Solving these equations for oˆr, one gets for the new
transfer matrix, T[φ0], and response function, t[φ0]:
T[φ0] = Tb.a.MI + TrMI · P2φ0 ·
[
I− Tb.a.MI · P2φ0
]−1 · TlMI ,
(13)
t[φ0] = tr + TrMI · P2φ0 ·
[
I− Tb.a.MI · P2φ0
]−1 · tl . (14)
The speed meter regime of this interferometer is
achieved when 2φ0 = pin for all integer n. In this case,
one has:
T = −e4iβ
[
1 0
−2K sin2 β 1
]
= e2iβsag
[
1 0
−Ksag/2 1
]
(15)
t = e2iβ
√
K
[
0
−2i sinβ
]
= eiβsag
√Ksag [01
]
, (16)
where Ksag = 4K sin2 β is the Sagnac speed meter OM
coupling factor and βsag = 2β+pi/2 is the corresponding
phase shift for sidebands travelling through the Sagnac
interferometer [10]. So we have shown that our scheme is
equivalent to the Sagnac speed meter interferometer with
2 times lower input laser power. There is no surprise in
that.
And finally, substituting (15) and (16) into Eq. (9), one
gets the final expression for the PCSM quantum noise
power spectral density in the form (5).
Arbitrary values of φ0 yield far more cumbersome for-
mulas for T and t that one can obtain straightforwardly
from the Eqs. (13). However, the simple case of small
variation of φ0 from pi/2 value is of special interest for
the analysis of the influence of imperfections. Let assume
φ0 = pi/2 +  where  = 2pi∆LPC/λp  1, then one gets
in the first order in :
T = − e
4iβ
1 + 2e2iβK
[
1 +K −2
−2(K sin2 β − ) 1 +K
]
(17)
t =
2e2iβ
√K
1 + 2e2iβK
[
eiβ
−i sinβ
]
, (18)
that for phase quadrature readout gives the following
simple expression for the QNLS PSD:
Sh '
h2SQL
2
{ 2
Ksag +
Ksag
2
+
2(K −Ksag)
Ksag
}
, (19)
where the last term in the brackets dominates at low
frequencies, being ∝ 1/Ω6, as we discussed above.
d. Contributions: N.V., F.Ya. and S.D. conceived
the polarisation circulation speed meter concept. S.D.
and E.K. carried out the theoretical calculations and nu-
merical modelling of the quantum noise perfromance with
contributions from all other authors. S.S., C.G., S.H.
and J.H. analysed the experimental feasibility of the as-
sumed imperfections of optical components. S.D. and
S.H. performed the astrophycal bench-marking and wrote
the manuscript with the contributions of all the authors.
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